Background
==========

Flavonoids are a class of natural products that occur in a large variety of plants, fruits and vegetables and can possess antimicrobial, antioxidant, antiviral, anti-platelet, antitumour, anti-inflammatory, anti-allergic, estrogenic, and radical-scavenging characteristics \[[@B1]\]. They exhibit a wide range of beneficial effects on various aspects of human health, including cardiovascular and chronic diseases as well as certain forms of cancer. It has been established that the beneficial properties of flavonoids are mostly attributed to their ability to scavenge free radicals, chelate metal ions, activate antioxidant enzymes or inhibit certain enzyme systems \[[@B2]\]. The antioxidant properties of flavonoids are due to the presence of phenol groups on the rings A and B. In addition to their importance as an antioxidant, flavonoids have gained attention in the production of industrial foods, cosmetics and pharmaceuticals \[[@B3]\]. However, the glycosylated flavonoids have rarely been used in these preparations due their low solubility in lipophilic preparations. The reaction of the sugar moiety in the flavanone nucleus with a fatty acid has been shown to be a good alternative for obtaining improved solubility, the stability in pharmaceutical applications \[[@B4]-[@B6]\]. The acylation of hydroxyls of flavonoids as a chemical strategy can furnish a mixture of products, which have shown different types of esterification due to a lack of regioselectivity in this method \[[@B7]\]. To circumvent the disadvantages of the conventional chemical process, the use of enzymes in non-aqueous medium has opened new avenues for obtaining products derived from natural antioxidants with high added value.

There are numerous advantages of employing enzymes as catalysts in organic solvents compared with in water, such as increased solubility of non polar substrates, shifting of thermodynamic equilibrium in favor of synthesis over hydrolysis, and elimination of microbial contamination in the reaction. Lipases are a few natural enzymes which are stable in the presence of organic solvents. Therefore, enzyme catalysis in organic solvents is being increasingly used for a variety of applications \[[@B8]\]. The use of enzymes confines acylation to the glycosidic moiety of the molecule, preventing changes to the flavonoid framework and preserving its biological activity \[[@B9],[@B10]\].

The acylation of flavonoid glycosides can be performed using different types of enzymes, such as subtilisin (protease from *Bacillus subtilis*), lipase from *Candida antarctica*and *Pseudomonas cepacia*, lipoprotein, carboxylesterases and even cell extracts. However, the lipase B immobilized from *Candida antarctica*seems to be the most versatile and regioselective enzyme for this reaction \[[@B11]-[@B14]\].

The enzymatic immobilization has some disadvantages as changes in enzyme kinetic behavior, decrease their residual activity, and modify the three dimensional structure by restricting the enzyme because the randomness of the enzyme-substrate interactions. However, these drawbacks are being circumvented by modern technology and the immobilization process offers advantages that outweigh these drawbacks \[[@B12],[@B14]\]. This is because the immobilized enzyme increases stability of enzymes, so they are more resistant to changes in pH and heat treatment facilitates the removal and recovery of the enzyme after the reaction, and may even improve their synthesis activity in a medium with an organic solvent \[[@B13]\]. A good selection of an appropriate immobilization method is capable of high catalytic activity of lipases \[[@B13],[@B14]\].

The lipase B enzyme from *C. antarctica*(CAL B) has many advantages in a biotechnology setting because of its following characteristics: low cost, good stability in organic solvents, does not require co-factors, very wide pH operating range, works with various substrate types and is stereo-, chemo- and regioselective \[[@B14],[@B15]\].

CAL B is able to acylate flavonoids, specifically in its glycoside moiety, without affecting the flavonoid skeleton responsible for its antioxidant activity \[[@B16]\]. Among the most studied flavonoid glycosides are naringin and rutin. The former, in particular, is an interesting candidate for the acylation reaction because it has a primary hydroxyl group in the glycoside region, and primary alcohols are preferred sites for CAL B. Acylation reactions of naringin have been described by several papers, demonstrating its interest and viability \[[@B17]-[@B22]\].

Naringin (1) is a natural flavanone isolated principally from citric fruits, such as *Citrus paradisi*and *Citrus aurantium*peel \[[@B23]\]. This compound is industrially used in perfumes, beverages, sweeteners, stabilisers and vegetable oils in bakery products, principally due its antioxidant properties \[[@B24]\]. Naringin has shown anti-inflammatory, antioxidant \[[@B25]\], antimicrobial \[[@B26]\], antiviral \[[@B27]\], antiulcer \[[@B28]\], anticarcinogenic \[[@B29]\] and hypolipidemic \[[@B30]\] activity. Naringin may also protect vascular smooth muscle cells by increasing the strength and resistance of blood vessels, which reduces the atherogenic effects \[[@B31]\].

In the enzymatic lyophilisation of naringin, several fatty acids (saturated, unsaturated, substituted, dicarboxylic and aromatic acids) have been used as acylating agents \[[@B3]\]. Reactions comparing saturated and unsaturated fatty acids indicate better performance for the saturated fatty acids \[[@B22],[@B32]-[@B34]\]. In this context, few studies describe the use of a hydroxy unsaturated fatty acid.

The castor oil is obtained from the seeds of *Ricinus communis*plant and has chemical characteristics atypical compared to most vegetable oils, as well as the presence of the triglyceride of ricinoleic acid, which fatty acid is a hydroxy uncommon in vegetable oils, it is present in the range 84-91% of its composition and to a lesser extent by oleic and linoleic fatty acids (\< 5%), stearic and palmitic fatty acids (\< 2%) \[[@B35]\]. Thus, the enzymatic acylation of naringin with castor oil tends to produce a major compound, the naringin 6″-ricinoleate.

The objective of this work was to produce naringin 6″-ricinoleate (3) through the reaction of naringin (1) with a hydroxy unsaturated fatty acid (ricinoleic acid) by direct esterification (2) and castor oil by transesterification reaction, using lipase (Figure [1](#F1){ref-type="fig"}).

![**Lipase-catalyzed regioselective esterification of naringin (1) with ricinoleic acid (2)**.](1752-153X-6-41-1){#F1}

Results and discussion
======================

For the initial reaction step, esterification of naringin, under several conditions previously described in the literature that used fatty acids, were analysed \[[@B10],[@B18],[@B20],[@B22]\]. Choosing the solvent, temperature, time and concentration of substrate are important steps to biocatalysis. The polarity of the solvent is also an important parameter in the biocatalysis reaction due to its contribution to the solubility of glycosylated flavonoids (polar) in a fatty acid and lipase mixture \[[@B36],[@B37]\]. Acetone and THF have shown good performance in this type of reaction \[[@B22]\]. The temperature can be used to influence the viscosity of the medium, which in turn influences the solubility of the substrates and products, enzyme activity and even denaturation of the biocatalyst \[[@B38]\]. The most efficient reaction using immobilized CAL B occurs at temperatures between 45 to 60°C \[[@B9],[@B21]\]. The molar ratio of reagents also influences the product yield; the amount of ester formed is controlled by the reaction balance, with the yield being governed by the limiting reagent when substrates are in excess \[[@B39]\]. Thus, in the acylation of flavonoids, it is common to have excess of the acylating agent (fatty acid) because of its low cost and high availability.

As mentioned above, the best possible reaction conditions for acylation of naringin using lipase include the following: using acetone as the solvent, operating at 50°C for 120 hours and using a ratio of 3 times (w/w) of acylating agent to naringin. Thus, the naringin was converted to naringin 6″-O-ricinoleate (3), using either a fatty acid or castor oil as the acylating agent, and no other esters were formed in this reaction. The conversion taxa of naringin were analysed by high performance liquid chromatography coupled with a diode array detector (HPLC-DAD). Figure [2a](#F2){ref-type="fig"} shows the profile chromatogram of the reaction, and contains two peaks: naringin at 12.3 min and its ester formed (3) at 22.9 min. Both peaks showed, in their respective UV spectra (Figure [2b](#F2){ref-type="fig"}), an intense absorption band at 280 nm and another band of lower intensity at 330 nm. These bands are characteristic of flavonoids lacking unsaturation between C-2 and C-3 and, consequently, an absence of conjugation between rings A and B \[[@B40]\]. This observation confirms that esterification occurred in the glycoside region.

![**(A) Chromatogram from HPLC analysis of acylation reaction medium, after 120 hours at 50°C**. (B) UV spectrum of naringin. (C) UV spectrum of naringin 6\"-ricinoleate.](1752-153X-6-41-2){#F2}

After 24 hours of incubation it was observed that naringin was significantly converted to naringin 6″-O-ricinoleate (Figure [3](#F3){ref-type="fig"}). After allowing the reaction to proceed 120 hours in acetone at 50°C, a 24% yield of esters was obtained when ricinoleic acid was used as acylating agent and a yield of approximately 33% was obtained when castor oil was the acylating agent.

![**Synthesis of naringin 6\"-ricinoleate by lipase**.](1752-153X-6-41-3){#F3}

The major product of reaction of naringin and castor oil was purificated by SiO~2~open column chromatography and submitted to spectral analysis. The ^1^H NMR spectrum confirmed the signals to flavonone skeleton due the chemical shifts at δ~H~7.34 (2H, d, H-2\' and H-6\'), 6.80 (2H, d, H-3\'and H-5\'), 12.9 (HO at CH-5), 5.51 (1H, t, J = 12.8 Hz, H-2~axial~), 3.18 (1H, m, H-3~eq~) and 2.73 (1H, m, H-3~ax~). The correct position of esterification of ricinoleic acid in the glycosides moiety of naringin was deduced by ^13^C NMR spectra ({^1^H}- and APT). The comparison of the chemical shifts of the methylene CH~2~-6″ \[Δδ~C~= + 2.82 = 63.7 (**3**) - 60.88 (**1**), downfield shift\] and methine CH-5″ \[Δδ~C~= - 3.31 = 77.53 (**1**) - 74.22 (**3**), γ - effect protection\] confirmed this deduction. Similar effects were also observed in other acyl-glycosilated naringin in the same position \[[@B19]\].

Experimental
============

Enzyme and chemical
-------------------

The lipase used was immobilized lipase from *C. antarctica*recombinant in *Aspergillus oryzae*from Sigma-Aldrich^®^. The naringin and molecular sieves (3 Å) were purchased from Sigma-Aldrich^®^. The acetone used was purchased from Merck^®^and the castor oil was purchased from a local farmer of Feira de Santana (Natural Rural). The solvents used in high performance liquid chromatography are of analytic grade from Merck^®^. A Milli-Q System^®^(Bedford, MA, USA) was used to purify the water. The reactions were performed in shaker flasks (model TE 424, TECNAL^®^).

Equipment and chemical analysis
-------------------------------

NMR spectra were recorded in CDCl~3~soln at 400 MHz for ^1^H and 120 MHz for ^13^C on a JEOL^®^Eclipse-400 spectrometer, using TMS as an internal standard or by reference to the solvent signals: CHCl~3~at δ~H~7.25 and CHCl~3~at δ~C~77.00. The NMR spectra for each product were recorded in DMSO-*d*~6~soln at 500 MHz for ^1^H and 120 MHz for ^13^C on a Bruker^®^DRX-500 (^1^H: 500 MHz; ^13^C: 400 MHz) spectrometer, using TMS as an internal standard or by reference to the solvent signals: CHCl~3~at δ~H~7.25 and CHCl~3~at δ~C~77.00. HRGC analyses were recorded on a CG Shimadzu^®^, model GC-2010 gas chromatograph using a glass capillary column (Rtx-1: 30 m × 0.25 mm × 0.25 μm, Restek^®^). For the GC analysis, hydrogen was used as the carrier gas, with a flow rate of 0.6 ml/min; the injector port was set at 300°C and the flame ionisation detector (FID) at 300°C. The temperature programmed for the analysis of **2**ranged from 120°C to 300°C (10°C/min). For TLC analysis, a silica gel (Merck, Kieselgel 60) was used and spots were visualized using UV (254 and 360 nm) and sulphuric acid solution (10%) with after heating. The eluent used was CHCl~3~/MeOH/H~2~O (8:2:0.3, v/v/v).

Analyses of high performance liquid chromatography was performed on a Merck-Hitachi liquid chromatograph LaChrom Elite^®^equipped with a VRW HITACHI L- 2130 pump, a VRW HITACHI L-2300 Diode-array detector (DAD), and an auto sampler with a 100 μL loop. The data were acquired and processed using Ezchrom Elite software. The reaction product **3**was analysed using a reverse-phase HPLC column: *Purospher*^®^STAR RP-18e (250 mm × 4,6 mm i.d., 5 μm) column (Merck). The mobile phase was composed of solvent (A) H~2~O/H~3~PO~4~0.1% and solvent (B) MeOH. The solvent gradient was composed of A (75-0%) and B (25-100%) for 20 min, then 100% B for 4 min, then again at the initial conditions (75% A and 25% B) for 10 min. A flow rate of 1.0 mL/min was used in a 30°C oven, and 20 μL of each sample was injected. The procedure was repeated three times for each sample. Samples and mobile phases were filtered through a 0.22 μm Millipore filter prior to HPLC injection. Spectra data were recorded from to 200 to 400 nm during the entire run.

Obtaining of ricinoleic acid (2)
--------------------------------

Compound **2**was obtained by adding 100 mL of sodium hydroxide solution to 300 mL of castor oil. After 12 hours, the reaction was neutralised with hydrochloric acid and extracted with ethyl acetate (3 times). This reaction was investigated by HRGC after a silylation reaction with bis-(trimethylsilyl)trifluoroacetamide \[[@B41]\].

NMR data of naringin (1)
------------------------

^1^H NMR: δ~H~(ppm) 12.07 (s, HO-5), 9.68 (s, HO-4\'), 7.34 (m, H-2\'/H-6\'), 6.81 (m, H-3\'/H-5\'), 6.11 (m, H-8), 6.09 (m, H-6), 5.51 (m, H-2), 5.16 (m, H-1‴), 5.11 (m, H-1″), 3.70 and 3.40 (m, 2H-6″), 3.70 (H-5‴), 3.72 (m, H-5″), 3.70 (H-2‴), 3.50 (m, H-3″), 3.35 (H-3‴), 3.30 (m, H-4″), 3.20 (m, H-2″), 3.25 (m, H4‴), 3.40 and 2.73 (m, 2H-3), 1.14 (m, 3H-6‴). ^13^C NMR: δ~C~(ppm) 197.97 (C-4), 165.32 (C-7), 163.41 (C-5), 163.16 (C-9), 158.60 (C-4\'), 129.08 (CH-2\'/CH-6\'), 116.44 (CH-3\'/CH-5\'), 103.70 (C-10), 100.89 (CH-1″), 97.85 (CH-1‴), 96.77 (CH-6), 95.58 (CH-8), 79.32 (CH-2), 77.59 (CH-3″), 76.69 (CH-2″), 77.53 (CH-5″), 72.27 (CH-4‴), 70.93 (CH-2‴), 70.85 (CH-3‴), 70.03 (CH-4″), 68.78 (CH-5‴), 60.88 (CH~3~-6″), 42.49 (CH~2~-3), 18.56 (CH~3~-6‴).

NMR data of ricinoleic acid (2)
-------------------------------

^1^H NMR (400 MHz, CDCl~3~): δ~H~(ppm) 5.52 (1H, m, H-9\'\'\'\'), 5.38 (1H, m, H-10\'\'\'\'), 3.60 (1H, m, H-12\'\'\'\'), 2.29 (2H, t, J = 6.4 Hz, H-2\'\'\'\'), 2.19 (2H, m, H-11\'\'\'\'), 2.01 (2H, m, H-8\'\'\'\'), 1.59 (2H, m, H-3\'\'\'\'), 1.43 (2H, m, H-13\'\'\'\'), 0.86 (3H, t, J = 5.9 Hz, H-18\'\'\'\'), 1.26-1.39 (overlapped signals, the remaining chain CH~2~groups signals). ^13^C NMR (400 MHz, CDCl~3~): δ~C~(ppm) 179.16 (C-1\'\'\'\'), 133.02 (CH-9\'\'\'\'), 125.12 (CH-10\'\'\'\', γ - effect of the hydroxyl group at CH-12\'\'\'\'), 71.64 (CH-12\'\'\'\'), 36.60 (CH~2~-13\'\'\'\'), 35.10 (CH~2~-11\'\'\'\'), 34.13 (CH~2~-2\'\'\'\'), 31.76 (CH~2~-16\'\'\'\'), 27.25 (CH~2~-8\'\'\'\', γ - effect of the CH~2~-13\'\'\'\', *cis*-configuration), 25.57 (CH~2~-14\'\'\'\', γ - effect of the hydroxyl group at CH-12\'\'\'\'), 24.67 (CH~2~-3\'\'\'\', γ - effect of the carbonyl group C-1\'\'\'\'), 22.54 (CH~2~-17\'\'\'\'), 13.98 (CH~3~-18\'\'\'\'), 29.42-28.9 (overlapped signals of the remaining chain CH~2~groups).

Enzymatic reactions
-------------------

### Drying conditions of reaction medium components

The reaction components were dried using methods described in the literature \[[@B18]\]. The substrates (fatty acid and flavonoid) were dried under vacuum in desiccators with silica gel for one week. The acetone used in the reaction went through the drying process for 7 days with the addition of 100 gL-1 (10% w/v) molecular sieve, previously dried at 150°C for 24 hours.

Synthesis reaction of naringin 6\"-ricinoleate (3)
--------------------------------------------------

500 mg of immobilized lipase was added to the reaction mixture, which consisted of 0.7 g of naringin (**1**), 2.1 g of acyl agent (castor oil or ricinoleic acid) and 25 mL of acetone. Incubation was carried out at 50°C under agitation, in the presence of 500 mg molecular sieves (3 Å). The reaction was followed by HPLC-DAD (Figure [2](#F2){ref-type="fig"}). A 0.2 mL aliquot of the reaction medium was removed at each sampling time (24, 48, 72, 96 and 120 hours) and each sample was dried and re-suspended in 1 mL of HPLC grade methanol and filtered through a 0.22 μm Millipore filter for subsequent analysis by HPLC-DAD. Quantitative analysis of naringin 6\"-ricinoleate (3) was performed by HPLC as described by Mellou et al. \[[@B22]\].

Purification of naringin 6\"-ricinoleate (3)
--------------------------------------------

After the end of each reaction the enzyme was removed by filtration and the acetone evaporated at room temperature. Product 3 was purified using methodology described by Mellou et al, 2006, with some modifications \[[@B22]\]. The reaction product was submitted to fractionation in open column chromatography with silica gel (60 Å) and eluted with mixtures of organic solvents in crescent order of polarity.

Statistical analysis
--------------------

Data were obtained in triplicate and expressed as mean and tested for significance by *P*\< 0.05. Then it was adopted the Tukey\'s test *\"post hoc\"*. Both these tests showed significant differences between the means.

NMR data of naringin 6\"-ricinoleate (3)
----------------------------------------

^1^H NMR: δ~H~(ppm) 12.09 (s, HO-5), 9.78 (s, HO-4\'), 7.34 (m, H-2\'/H-6\'), 6.80 (m, H-3\'/H-5\'), 6.14 (m, H-8), 6.07 (m, H-6), 5.52 (m, H-2), 5.21 (s, H-1\'\'\'), 5.12 (m, H-1\'\'), 4.35 (m, 2H-6\'\', CH~2~-*O*-ricinolyl), 3.75-3.70 (m, H-5\'\', H-3\'\'\' and H-5\'\'\'), 3.49-3.40 (m, H-2\'\', H-3\'\', H-4\'\', H-2\'\'\'), 3.25 (m, H-4\'\'\'), 3.25, 2.70 (m, 2H-3)~a~, 1.19 (m, 3H-6\'\'\'), 2.17-0.85 (fatty chain). ^13^C NMR: δ~C~(ppm) 198.70 (C-4), 173.27 (C = O ester), 166.70 (C-7), 165.24 (C-5), 163.71 (C-9), 158.46 (C-4\'), 131.03 (CH-9\'\'\'\'), 128.22 (CH-10\'\'\'\', γ - effect of the hydroxyl group), 128.2 (CH-2\' and CH-6\'), 115.67 (CH-3\' and CH-5\'), 104.00 (C-10), 100.97 (CH-1\'\'), 97.82 (CH-1\'\'\'), 96.8 (CH-6), 95.71 (CH-8), 79.29 (CH-2), 77.35 (CH-3\'\'), 76.65 (CH-2\'\'), 74.22 (CH-5\'\'), 72.28 (CH-4\'\'\'), 70.94 (CH-2\'\'\'), 70.63 (CH-3\'\'\'), 70.56 (CH-4\'\'), 70.21 (CH-12\'\'\'\' linked to OH), 68.81 (CH-5\'\'\'), 63.70 (CH-6\'\' acylated), 42.96 (CH~2~-3), 36.93 (CH~2~-13\'\'\'\'), 35.64 (CH~2~-11\'\'\'\'), 34.35 (CH~2~-2\'\'\'\'), 31.84 (CH~2~-16\'\'\'\'), 29.52 (CH~2~-15\'\'\'\'), 29.37-29.14 (CH~2~-4\'\'\'\' to CH~2~-7\'\'\'\'), 27.32 (CH~2~-8\'\'\'\'), 25.67 (CH~2~-14\'\'\'\'), 25.07 (CH~2~-3\'\'\'\'), 22.57 (CH~2~-17\'\'\'\'), 18.3 (CH~3~-6\'\'\', rhamnose), 14.49 (CH~3~-18\'\'\'\').

Conclusions
===========

The esterification of naringin with castor oil or ricinoleic acid using *C. antarctica*lipase was obtained as anticipated. The major product obtained was characterized as naringin 6\"-ricinoleate (3) and its structure was confirmed by 1D and 2D NMR analyses. This work examines the enzymatic acylation of flavonoids employing hydroxy unsaturated fatty acids. The best conversion reaction was observed using castor oil as source of acylating agent rather than isolated fatty acid.
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